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ABSTRACT 
Mahalakshmi, V., Bidinger, F.R. and Raju, D.S., 1987. Effect of timing of water deficit on pearl 
millet (Penniseturn arnericanurn?. Field Crops Res., 15: 327-339. 
The susceptibility of pearl millet io soil water deficits at  different times of growth was deter- 
mined in field experiments conducted over 2 years. Grain yields and yield components were 
expressed as ratios of stressed to non-stressed treatments. Where water deficit was imposed earlier 
in crop growth and then relieved, the time of termination of stress from flowering determined the 
extent of grain yield loss. Water stress relieved a t  anthesis or early grain filling had little adverse 
effect on the grain yield because additional tillers produced panicles. This response by tillers was 
less evident and grain yields were more severely reduced when water stress was not relieved until 
after flowering. When stress was imposed late in crop growth and not relieved, the time of initia- 
tion of stress was directly related to the extent of loss in grain yield. Thus susceptibility to mid- 
season drought stress was related to the time stress was terminated and in late-season drought to 
the time stress was initiated. 
INTRODUCTION 
Pearl millet (Pennise tum americanum (L . )  1,eeke) is one of the most 
important cereals in the semi-arid regions of South Asia and sub-Saharan 
Africa. I t  is grown almost entirely as a rain-fed crop in areas where the inter- 
and intra-seasonal variation in rainfall is the single most important environ- 
mental factor limiting its productivity. 
I t  is well documented that  crops have varying sensitivities to water deficits 
a t  different growth stages, as measured by grain yield losses ( Salter and Goode, 
1967; Doorenbos and Kassam, 1979) .  Maximum sensitivity is usually a t  one 
of those stages where critical steps in the reproductive process occur (Slatyer, 
1969).  For determinate crops, these are usually the late floral development, 
flowering, and early grain-filling stages; for indeterminate crops timing of stress 
0378-4290/87/$03.50 O 1987 Elsevier Science Publishers B.V. 
may be less critical as the reproductive phase extends over a longer period and 
provides more opportunity for compensation. 
Prediction of the effects of stresses on grain yields (see Hiler and Howell, 
1983) requires estimates of relative sensitivity of different stages of growth to 
periods of stress. Such data have been assembled for discrete growth stages for 
certain crops (references above) but are generally not available with the degree 
of detail necessary for such predictions. In pearl millet, for example, there are 
only reports to show that drought stress occurring early in crop growth has 
little effect on grain yields (Lahiri and Kharabanda, 1965) and that suscep- 
tibility to stress increases a t  and after flowering (Mahalakshmi and Bidinger, 
198513). 
In rainfed crops, drought stress can occur a t  any time during crop growth, 
and crop susceptibility to drought stress is a continuously variable function 
rather than a discrete function; this point is often ignored. The data from this 
study were used to attempt to evaluate changing susceptibility of crop yield to 
timing of stress occurrence as a continuous function. 
MATERIAL AND METHODS 
The experiments were conducted in a medium-depth (ca. 1 m )  Alfisol, a 
member of clayey-skeletal, mixed isohyperthermic family of Udic Rhodustalfs, 
at the International Crops Research Institute for the Semi-Arid Tropics 
(ICRISAT), Patancheru, Andhra Pradesh, India, during the 1978 and 1979 
dry seasons (January-May). This is a normally rain-free period with high 
maximum air temperatures (35-40" C ) , low mid-day relative humidities 
(20-30%) and high evaporation rates (8-11 mm day - ' ) .  The crop was irri- 
gated to near field capacity by surface flooding for 2-3 h at  approximately 
weekly intervals. Drought stress treatments were imposed by withholding irri- 
gation during selected treatment periods. Soil water was not measured, but as 
the total available water-holding capacity of the soil was approximately 100 
mm, the crop was subjected to relatively severe water deficits in the drought 
stress treatments, which averaged 20 days duration. 
All experiments were conducted as split plot designs with four replications. 
Time-of-stress (i.e., irrigation) treatments in the form of irrigation basins 
( 9  x 9 m )  were randomized within replications as main plots. Genotypes were 
randomized within the main plots as sub-plots. 
Pearl millet seeds were machine-sown in rows on level terraces, prior to plac- 
ing the cross bunds which formed the individual irrigation treatment basins. 
The sub-plot unit consisted of four rows, 4.0 m long and 0.5 m apart. Rows 
were sown more thickly than the required plant density and thinned to 0.2 m 
between plants when the crop was 10 days old. Nitrogen and phosphate each 
were incorporated at  the rate of 40 kg ha-' into soil prior to sowing and an 
additional 40 kg ha-' N was banded into rows 15 days after emergence. The 
TABLE 1 
List and description of genotypes used in three experiments, based on the irrigated control treat- 
ment data 
Genotype Genetic constitution Origin Days to Panicles Grain 
flowering (no./m2 ) yield 
( g/m2 ) 
Experiment I (1978) 
BK 560 F l  Hybrid 
112 HK Open-pollinated variety 
700441 Breeding line 
HB5 F1 hybrid 
Serere 17 Breeding line 
IP  2788 Germplasm accession 
B 282 Germplasm accession 
Ex Bornu Landrace variety 
Experiment I1 ( 1978) 
BK 560 F, Hybrid 
112 HK Open-pollinated variety 
700441 Breeding line 
HB 5 F l  hybrid 
Serere 17 Breeding line 
IP  2788 Germplasm accession 







































plots were kept weed-free and since this was a dry season, there was no inci- 
dence of any disease or pest. 
Six to eight genotypes used in each experiment were selected to represent 
the geographic and phenotypic variability in pearl millet (Table 1 ) .  Some of 
the genotypes were common to all these experiments; however, as the objective 
of the experiments was to describe the response of the species rather than that 
of the individual genotypes, all analyses were performed on treatment means 
averaged over all genotypes. 
Two types of stress treatments were used in these experiments: (1 ) midsea- 
son stress initiated at  different times between floral initiation and early grain 
filling, with rewatering a t  the end of the treatment period; and ( 2 )  terminal 
stress initiated at  or after flowering and no further rewatering. Each experi- 
ment also included a fully irrigated control. The specific treatments used in 
each of the three experiments are described in Table 2, along with cumulative 
United States Weather Bureau Class A pan evaporation, mean temperatures, 
and total rainfall received during each of the stress treatment periods. 
The midseason treatments included different times of stress initiation 
(Experiments I and 111) and different durations of stress initiated at the same 
time (Experiment 11). These treatments essentially measured the effects of 
drought stress on the ability of the crop to recover following rewatering. The 
terminal stress treatments (Experiments I and 111) which were initiated at 
different times after flowering measured the effects of stress on grain setting 
and grain filling (Table 2 ) . 
Days to flowering and height of the main shoot a t  maturity were recorded. 
The central two rows of 3 m ( 3  m2) were harvested at  maturity for determi- 
nation of yield and yield components. 
Individual experiments were first analysed as split plot designs; geno- 
type x treatment effects were not significant for any of the variables measured. 
Hence only treatment means and standard errors are reported (Table 3 ) . Since 
genotypes differed in potential yield, data for each genotype were expressed as 
a percentage of the non-stressed control and the percentages averaged over 
genotypes for estimating the effect of the timing of stress. Although there were 
differences between years and treatments in the total evaporative demand dur- 
ing each treatment, it was found that the data for the 2 years could be effec- 
tively combined on the basis of the time stress was terminated (midseason 
stress) or initiated (terminal stress) relative to flowering, rather than on the 
basis of specific growth stages. 
This was useful as many of the stress treatments spanned more than one 
growth stage and because flowering is both the most easily determined phen- 
ological stage and a key one in terms of stress effects on various yield 
components. 
RESULTS AND DISCUSSION 
Timing of midseason stress 
The midseason stress treatments in both Experiments I and I11 were inti- 
tiated at approximately 10-day intervals, beginning 18 days after emergence 
(DAE) in Experiment I and 25 RAE in Experiment I11 (Table 2 ) .  The dura- 
TABLE 2 
Stress treatments - expressed as days from emergence (DAE) from the beginning to the end of 
the stress period - and weather variables during the same period 
Stress 8 Key Class A pan Average temperature ( "C) Total 
treatment timing evaporation rainfall 
( DAE ) (mm) maximum minimum (nun) 
Experiment I (1978 ) 
Midseason stress 
18-38 - 5" 163 31.5 18.7 13 
28-46 + 3" 176 33.2 18.7 0 
38-52 + 9" 136 33.9 19.5 4 
46-58 + 15" 129 35.6 21.3 4 
Terminal stress 
46-Mat + 3h - 36.2 2 1.7 6 
52-Mat + gb - 37.1 22.1 6 
58-Mat + 15h - 37.8 22.6 6 
Experiment I1 (1978) 
Midseason stress 
18-38 20" 163 3 1.5 18.7 13 
18-46 2 8  238 32.0 18.0 13 
18-52 34' 299 32.5 18.5 17 
18-60 40" 368 33.1 19.0 17 
Experiment 111 (1979 ) 
Midseason stress 
25-48 + 4",23' 204 33.2 16.7 0 
25-57 32" 34 1 34.1 18.2 0 
35-57 + 13" 256 35.4 2 1.5 0 
48-68 + 24" 239 37.9 19.1 0 
Terminal stress 
35-Mat - 91' - 33.0 19.1 0 
48-Mat + 4" - 37.5 21.9 0 
58-Mat + 14" - 35.0 22.1 0 
"Termination of stress (days from flowering) 
hInitiation of stress (days from flowering) 
"Duration of stress (days) 
Mat = maturity 
TABLE 3 
Treatment means ( n  = 32 for Experiments I & I11 and n = 24 for Experiment 11) for plant height, 
grain yield and yield components in the three experiments 
Stress treatment Height Grain yield No. of No. of grains Grain wt. (g  
( DAE ) (cm) (g  m ' )  panicles (102/panicle) per 1000) 
m-2 
































'Standard error for comparing treatment means 
Mat = Maturity 
tion was reduced in the later-initiated treatments (from 20 to 12 days in I and 
23 to 20 days in 111) , in an attempt to adjust for increasing evaporative demand 
in these treatments. Total pan evaporation during the treatment period for the 
various treatments indicated differences between years as well as some differ- 
ences amon; treatments within each year (Table 2) .  Differences between years 
were mainly a result of small amounts of rain and consequently a lower evap- 
orative demand during the first year (Table 2 ) .  The number of days to flow- 
ering was not affected by the treatments in either experiment, indicating that 
the stress was not so severe, even in the later treatments, as to delay develop- 
ment (data not presented). 
Crop growth was affected by stress, resulting in reduced crop height, partic- 
ularly when the stress was applied during the normal period of stem elongation 
(30-45 DAE) (Table 3 ) .  Grain yields were progressively reduced, with the 
maximum reduction occurring in the later-initiated (46-58 and 48-68 DAE) 
treatments in both experiments. The yield reductions in the earliest treat- 
ments (18-38 and 25-48 DAE) were not significant in either experiment, 
despite the fact that these crops were stressed during most of the panicle devel- 
opment period. 
Stress affected the yield components differentially, depending on the time 
of occurrence. The final number of panicles was not significantly affected by 
any of the midseason treatments, with the exception of the 48-68 DAE treat- 
ment in Experiment 111, in which stress was actually initiated after flowering 
in all cultivars (Table 3 ) .  In contrast, the number of grains per panicle decreased 
progressively as stress initiation was delayed. Therefore, the number of grains 
per unit area primarily followed changes in number of grains per panicle. Indi- 
vidual grain mass was also progressively reduced with the delay in onset of 
stress, but the reduction in grain mass was significant only in the treatments 
where stress was not relieved until after flowering (Table 3 ) .  
Relative grain yield in the midseason stress was directly related to the time 
of stress termination (Fig. 1A). Yield reductions were small (10%) if the stress 
was terminated prior to flowering, but were progressively more severe with the 
later time of stress termination. The relationship fitted well considering the 
treatments applied were not of identical intensity, either within or between 
years. Changes in relative grain yields with time of termination of stress were 
primarily a result of changes in relative number of grains per unit area although 
there was also a slight change in relative grain size (Fig. 1B and 1C).  
Crop susceptibility indices for other cereals (Hiler et al., 1974; Doorenbos 
and Kassam, 1979) generally are a t  maximum during the periods immediately 
prior to, during, and immediately following flowering. Susceptibility clearly 
increases in pearl millet after flowering but this study and earlier work ( Maha- 
lakshmi and Bidinger, 198513) indicate that the crop has a low sensitivity up 
to the time of flowering of the main shoot. Where midseason stress treatments 
in pearl millet are terminated a t  or before flowering, a significant increase in 
Stress tcrminalion (days from flowering) 1 
Fig. 1. Relative (stress/control) grain yield (R,) and yield components in the midseason stress 
as a function of time of termination (T,) of the stress. Data are from Experiment I ( m  ) and 
Experiment 111 ( o ) . Points represent means of 8 genotypes replicated 4 times ( n = 32) .  
numbers of productive tillers occurs, which fully compensates for the losses in 
grain number and grain yield per individual panicle ( Mahalakshmi and Bidin- 
ger, 1986). This tolerance to midseason stress seems to be related to the high 
degree of asynchrony of tiller development and delaying of flowering in pearl 
millet (Ramond, 1968; Lambert, 1983; Pearson and Coldrake, 1983). As the 
total panicle development stage (panicle initiation to flowering) is only 25-35 
days in this crop, individual tiller development can be quite widely separated 
(by as much as 15 days) during this stage. In addition, a period of drought 
stress during the panicle development stage has been shown to delay the devel- 
opment of the later tillers; these resume development and growth only after 
the stress is terminated and proceed to produce a normal yield or, in certain 
cases, continue their development where they would not have done so under 
non-stressed conditions (Mahalakshmi and Bidinger, 1985a). 
These two responses, asynchronous tiller development and delaying of flow- 
, 
ering, provide effective compensation for grain-yield losses in the earlier shoots, 
which develop and flower during the stress period. Cereals with more syn- 
chronous developmental patterns are more vulnerable to periods of stress dur- 
ing panicle development and flowering, as a much higher percentage of shoots 
are in a sensitive stage a t  the same time. (Lewis et al., 1974; Stewart et al., 
1975; Fischer et al., 1977). In contrast, a species with a less-synchronized 
developmental pattern has the potential for the adjustments discussed above 
for pearl millet ( Slatyer, 1969). 
Duration of midseason stress 
Treatments examining the effects of duration of midseason stress included 
all of Experiment I1 and the first two treatments (25-48 and 25-57 DAE) in 
S t r e s  duration ((tlys) 
Fig. 2. Relative (stress/control) grain yield (R!; 1 and yield components in the midseason stress 
as a function of duration of stress. Data are from Experiment I1 ( ) and Experiment I11 ( :: ) .  
Points represent means of 6-8 genotypes replicated 4 times ( n = 24 for Experiment I1 and n = 32 
for Experiment 111). 
Experiment 111. Cumulative pan evaporation was again higher for comparable 
treatments in Experiment 111, but in both experiments pan evaporation 
increased regularly with increasing duration of the stress period (Table 2 ) .  
As in the timing-of-stress experiments, stress was not severe enough to affect 
the time to flowering, but reduced crop height significantly as the stress dura- 
tion increased (Table 3 ) .  Losses of grain yield in the shortest period of stress 
in both experiments (18-38 and 25-48 DAE) were not significant, hut increased 
and became significant as the length of the stress period increased (Table 3 ) .  
As with the timing-of-midseason-stress treatments, yield components were 
affected differentially by the stress duration treatments. Number of panicles 
per unit area was affected only by the longest stress treatment (Experiment 
11). However, the number of grains per panicle, and therefore per unit area, 
was progressively reduced as the duration of stress incre~sed (Table 3 ) .  Indi- 
vidual grain size was similarly affected, as a greater proportion of the normal 
grain-filling period was subjected to stress in the longer-duration treatments, 
at  least in tillers that flowered during the stress period. 
Relative grain yields during midseason stress declined approximately line- 
arly with increasing duration of the stress period (Fig. 2C ). This was primarily 
because of the change in relative number of grains per unit area which declined 
a t  twice the rate of relative grain size (Figs. 2B and 3C) .  
Effects of stress duration are hard to interpret in the midseason treatments, 
because duration and time of stress termination are confounded. The effects 
of increasing duration of stress resemble very closely the effects of delaying 
the timing of termination of stress (compare Figs. 1 and 2 ) .  Much of the pre- 
Stress initiation (days from flowering) 
Fig. 3. Relative (stress/control) grain yield (R,) and yield components in the terminal stress as 
a function of time of stress initiation (T,). Data are from Experiment I ( ) and Experiment I11 
( o ) . Points represent means of 8 genotypes replicated 4 times ( n  = 32 ) . 
vious discussion on the effects from time of stress termination appears appli- 
cable also to the duration treatments. 
In an attempt to test the relative effects of time and duration of stress on 
yields, the 1978 data (where there were equal numbers of treatments of both 
types) were used to regress relative yields against both timing and duration. 
Regression coefficients indicated a larger effect for a delay of one day in ter- 
mination of stress (1.8% loss in relative yield) than for an extension of one 
day of the stress (0.6% loss in relative yield). Therefore, the effects indicated 
in Fig. 2 are clearly confounded ones, with the time of termination as the major 
factor. In fact, a simple linear regression of yield on time of stress termination 
for the same combined data set accounted for 81% of the variation in yield, 
compared to 90% for the multiple regression using both timing and duration. 
Midseason stress in pearl millet, therefore, should be considered primarily in 
terms of timing rather than of duration. 
Timinglduration of terminal stress 
The terminal stress treatments were imposed after flowering in Experiment 
I, and approximately one week before flowering in Experiment I11 (Table 2 ) .  
Through an oversight, physiological maturity was not recorded in these treat- 
ments; so comparison of treatments in terms of total potential evaporation is 
not possible. In all cases total available water was similar at the times the 
treatments were initiated and, therefore, the total evaporation deficit in each 
case was inversely related to the time stress was initiated. 
In each year, crop height was reduced by the earliest terminal stress treat- 
ment, where stress was imposed prior to flowering - in the later cultivars in 
Experiment I and all cultivars in Experiment 111. Grain yields were very severely 
reduced by all terminal stress treatments with the severity inversely related to 
the time stress was initiated (Table 3 ) .  
Effects of terminal stress on yield components differed from the effects of 
midseason stress, but not always in the pattern expected. Number of panicles 
per unit area was significantly reduced in treatments initiated earlier than 7 
days after flowering (46 DAE to maturity in Experiment I, and 35 and 48 DAE 
to maturity in Experiment 111) and in the treatment initiated 14 days after 
flowering in Experiment I11 (58 DAE to maturity), where stress was more 
severe (Table 3 ) .  Number of grains per panicle was reduced in all terminal 
stress treatments except the latest-initiated one in Experiment 111, although 
there was not clear patterns in the effect of time of initiation of stress (Table 
3 ) .  The number of grains per panicle is a mean of the main shoot panicle plus 
the varying number of tiller panicles in the different treatments. Tillers elim- 
inated by the stress, particularly by the earlier terminal stress treatments, were 
the late and less-productive ones. Their loss may have had a positive effect on 
the mean number of grains per panicle (calculated from the remaining pani- 
cles), which may have partially offset the reduction in number of' grains per 
panicle from direct effect of stress on pollination and fertilizitation. Individual 
grain size, in contrast, was reduced linearly the earlier the onset of stress (Table 
3 ) .  
Relative yields in the terminal stress treatment were closely related to the 
time of stress initiation (Fig. 3A). Yield reductions were very severe (70-80% ) 
when the stress was initated prior to flowering, but the effect declined rapidly 
as the onset of stress was delayed. Similar curvilinear responses have been 
reported for spring wheat when timing was varied for initiation of terminal 
stress ( Fischer and Maurer, 1978). Relative yield reductions were primarily 
from effects of time of stress initiation on relative number of grains per unit 
area, although relative grain size was generally smaller in all treatments ( Figs. 
3B and 3C ) .  This type of stress, which occurs when rains end early in tropical 
climates with marked seasonal rainfall patterns, is not an uncommon occur- 
rence. Clearly, a premature end of the rains has very substantial effects on 
grain yields under the characteristically high evaporative conditions in these 
environments. 
The asynchronous tillering habit in pearl millet, which was effective in 
reducing sensitivity to midseason stress, is a disadvantage rather than an 
advantage during terminal stress. The more the spread in development among 
tillers, the greater the percentage of tillers which enter the stress at  develop- 
mental stages where they will be either eliminated entirely or subject to very 
severe reductions in grain set and grain fill. The elimination of a certain num- 
ber of tillers is probably beneficial where no additional water will be available 
to the crop. However, tillers which reach flowering but produce little or no 
grain use a share of the water available, but contribute nothing to grain yield. 
Yield reductions in post-anthesis stress in more synchronously tillering cereals 
occur primarily through reductions in grain number per ear and grain mass 
rather than through reduction in ear number (Day et al., 1978; Hochman, 
1982). However, terminal stress initiated before flowering in these cereals does 
affect ear numbers as well (Day et al., 1978). 
The large changes in relative grain yields, for changes of about 10-20 days 
in the onset of the stress, emphasize the importance of fitting crop duration to 
the expected duration of available moisture for pearl millet. With no oppor- 
tunity for adjustment in the case of terminal stress and with a special vulner- 
ability in the form of later-maturing tillers, mean flowering dates must occur 
well within the period of available moisture to ensure an escape from terminal 
stress. Earlier flowering, however, may well increase crop vulnerability to a 
period of midseason stress if it means that this stress occurs after, rather than 
before, flowering. 
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